Introduction {#S1}
============

Avian tuberculosis is a serious, chronic infectious zoonotic disease in poultry, pet, or captive birds, animals, and humans that is caused by *Mycobacterium avium* spp. *avium* (*MAA*), a subspecies of the *M. avium* complex (MAC). Avian tuberculosis was classified as a List B disease by the World Organization for Animal Health and as a third-class animal disease in China. Clinical manifestations in birds include emaciation, depression, and diarrhea, and the prominent feature is the formation of caseous tubercular nodules and granulomas with calcification in the liver, spleen, intestine, and bone marrow ([@B1]--[@B3]). Humans exposed to infected birds may acquire a zoonotic infection, particularly in immunocompromised people such as those with HIV ([@B3], [@B4]). Once fowls in poultry farms are infected, avian tuberculosis can persist for a long time and is difficult to eradicate, due to the chronic carrier state and shedding of bacteria by infected fowls ([@B5], [@B6]). This disease can have a serious economic impact associated with mortality, morbidity, and a reduction of egg production ([@B1], [@B6]). The best way is to quarantine and slaughter the infected ones ([@B6], [@B7]), as well as antibiotic treatment with the infected individuals ([@B8], [@B9]).

The MAC is a group of closely related non-tuberculous mycobacterial species and subspecies which includes both veterinary and opportunistic human pathogens. In addition to birds, MAC may also infect different animal species, such as swine, cattle, deer, sheep, goat, horses, cats, dogs, and exotic species. The species within MAC are divided into the following subspecies according to taxonomical classification: *MAA*, the etiological agent of avian tuberculosis; *M. avium* spp. *paratuberculosis*, the etiological agent of Johne's disease; *M. avium* spp. *silvaticum*, previously called "wood pigeon *Mycobacterium*"; *M. avium* spp. *hominissuis*, frequently isolated from pig and human and *M. intracellulare*, a closely related pathogen of birds with a lower prevalence ([@B2], [@B6], [@B10]). Although the subspecies of MAC differ greatly in their host range and growth potential, it has been reported that tuberculous lesions caused by *MAA, M. avium* spp. *paratuberculosis, M. avium* spp. *hominissuis*, and *M. avium* spp. *silvaticum* are indistinguishable ([@B11]--[@B15]). In addition, coinfection with different members of M. tuberculosis complex and *M. avium* subspecies or with other mycobacterial species combinations is not rare in animal and human hosts ([@B16], [@B17]). Accurate identification and discrimination of mycobacterial species and subspecies is essential to determine their significance, pathogenicity, diagnosis, epidemiology, and most beneficial control program ([@B18]--[@B20]).

The identification and preservation of microbial strains is an important strategic resource for disease epidemiology research and disease prevention. Since the first report of avian tuberculosis in 1978 in China, there have been additional reports about the disease ([@B7]). As known, avian tuberculosis is sporadic and has a low incidence. Recent years, there were reports about incidence of avian disease in the poultry farm, but not large scale occurrences of disease ([@B7], [@B21], [@B22]). Isolation and identification of *MAA* strains from pathological materials could provide abundant resources for avian tuberculosis research. Although more attention has recently been paid to avian tuberculosis research, fewer *MAA* strains have been isolated and identified in recent years because of the high biological safety risks and low economic value of *MAA* strains in China. There were almost no reports regarding the isolation of *MAA* strains from diseased species, and no systematic studies were carried out on the characteristics of *MAA* strains.

In this work, we first isolated an *MAA* strain from the typical tubercular nodules of a fowl with possible avian tuberculosis symptoms. We then systematically identified the isolated strain *via* a series of assays and further investigated the virulence and potency of the identified strain.

Materials and Methods {#S2}
=====================

Ethics Statement {#S2-1}
----------------

The present study was approved by the Laboratory Animal Ethics Committee of China Institute of Veterinary Drug Control and was also approved by the Ministry of Agriculture and the Bureau of Animal Husbandry. The experiments were performed in compliance with the "Regulations of the People's Republic of China on the Administration of Experimental Animals" and the "Guidelines for the ethical review of experimental animal welfare in Beijing."

*Mycobacterium avium* spp. *avium* strains were cultured in an air-conditioned, air filtered, biosafety level III facility. The experimental use of serum samples, including sample collection, handling, testing, and personal protection, complied with the General Requirements for Laboratory Biological Safety of China, GB19489 (2008).

MAA Strains {#S2-2}
-----------

*Mycobacterium avium* spp. *avium* strains CVCC275, CVCC276, and CVCC277 were the virulent reference strains for serotype 1, serotype 2, and serotype 3, respectively. *MAA* strain CVCC68201 was the virulent strain for avian tuberculin purified protein derivative (PPD) production and inspection ([@B23]).

Tissue Origin and Examination {#S2-3}
-----------------------------

One fowl showing the clinical signs (swollen joints, lameness, emaciation, tubercle formation under the skin, and granulomas in the conjunctival sac) of avian tuberculosis and poor health was transferred to the avian diseases section, Shandong Agricultural University, College of Animal Science and Veterinary Medicine. The fowl was euthanized and underwent a necropsy examination, and tissue containing typical tubercles was collected in 50 mL screw cap containers, packed in dry ice chambers, and then sent to the China Institute of Veterinary Drug Control.

After thawing the tissue samples, portions were formalin fixed, embedded in paraffin blocks, and stained by the Ziehl-Neelsen (Z-N) technique to detect *Mycobacteria* ([@B24]). An additional tissue sample was fixed in neutral-buffered formalin and embedded in paraffin wax. Thereafter, the sample was sectioned, stained and transported to perform histopathological examination.

Mycobacterial Isolation {#S2-4}
-----------------------

Approximately 1 g of tissues were pooled into a test tube containing 1 mL of sterile PBS and homogenized for 1 min. Two hundred microliters of the mixture was inoculated onto two slopes of Petragnani medium ([@B25]). The inoculated slopes were incubated at 37°C for 4 weeks. Colony morphology was visualized with the naked eye.

Grown Colony Staining {#S2-5}
---------------------

The grown colony on the slope was checked by Gram staining and Z-N acid-fast staining ([@B24], [@B26]). The studies were carried out using a Gram-staining kit and Z-N staining kit (Land Bridge Technology Co., Ltd., Beijing, China) according to the manufacturer's instructions. The colony, confirmed to contain Gram-positive bacteria and acid-fast bacteria (AFB), was streaked out for further study.

Biochemical Identification of the AFB Isolates {#S2-6}
----------------------------------------------

Biochemical identification of the AFB isolates was based on multiple tests, which included the p-nitrobenzoic acid (PNB) growth assay, niacin production, Tween-80 hydrolysis, heat stable catalase activity, and nitrate reductase activity ([@B27], [@B28]).

### PNB Growth Assay {#S2-6-1}

The AFB isolates were screened by a growth test on a slope of Petragnani medium containing 500 µg/mL PNB ([@B29]). The inoculated slope was incubated at 37°C for 4 weeks, and then growth conditions were visualized.

### Niacin Production Assay {#S2-6-2}

The AFB isolates were washed off from the slope of Petragnani medium. Next, 0.9 mL of bacterial suspension was added to 0.2 mL of 3% benzidine ethanol, followed by the addition of 0.2 mL of 10% hydrogen bromide. The color reaction and precipitation reaction were observed.

### Tween-80 Hydrolysis Assay {#S2-6-3}

The Neutral Red/Tween-80 solution was prepared by adding 0.5 mL of 0.8% Neutral Red to 100 mL of 0.5% Tween-80/PBS solution (pH 7.0), followed by sterilization at 116°C for 20 min. The AFB isolates were washed off from the slope and resuspended to a final concentration of 10 mg/mL with PBS. Then, 0.5 mL of bacterial suspension was added to 2 mL Neutral Red/Tween-80 solution and incubated at 37°C for 10 days. The color change of the Neutral Red/Tween-80 solution was observed daily.

### Heat Stable Catalase Assay {#S2-6-4}

First, 0.5 mL of the bacterial suspension prepared above (10 mg/mL) was added to a test tube and incubated at 68°C for 20 min. Then, 0.5 mL of 30% H~2~O~2~ in 10% Tween-80 (pH 7.0) was added to the bacterial culture. The evolution of O~2~ gas caused frothing indicative of catalase activity, whereas the absence of O~2~ gas bubbles demonstrated a loss of enzymatic activity.

### Nitrate Reductase Assay {#S2-6-5}

Nitrate reduction was performed by the classical procedure with liquid reagent. First, 10 mM NaNO~3~/PBS solution (pH 7) was prepared and sterilized at 116°C for 20 min. Next, 0.5 mL of the bacterial suspension prepared above (10 mg/mL) was added to 2 mL of NaNO~3~/PBS solution. The mixture was incubated at 37°C for 2 h, followed by the addition of 100 µL of 18% HCl and 100 µL of 0.2% sulfanilamide solution and later by 100 µL of 0.1% naphthylethylenediamine solution. The system was stored at 2--8°C for 2 weeks, and the color reaction was visualized.

Genetic Identification of the AFB Isolates {#S2-7}
------------------------------------------

The AFB isolates were examined by PCR for the detection of DnaJ, IS1245, and IS901 gene fragments ([@B30]). The colony on Petragnani medium was washed off from the slope and washed with PBS. After heat inactivation at 60°C for 2 h, genomic DNA was extracted using a genomic DNA purification kit (Promega, Madison, WI, USA). Primers were designed for amplification of DnaJ, IS*1245*, and IS*901* fragments (Table [1](#T1){ref-type="table"}) ([@B30]). Multiplex PCR was programmed as 1 cycle at 96°C for 2 min, 35 cycles at 96°C for 10 s, 58°C for 10 s, 72°C for 1 min, and 1 cycle at 72°C for 2 min. The PCR products were visualized by DNA gel electrophoresis.

###### 

The PCR primers used to identify the acid-fast bacteria isolates.

  Gene                         Sequence of primer           Length of PCR product (bp)
  ---------------------------- ---------------------------- ----------------------------
  DnaJ                         5′-GACTTCTACAAGGAGCTGGG-3′   140
  5′-GAGACCGCCTTGAATCGTTC-3′                                
  IS*1245*                     5′-GAGTTGACCGCGTTCATCG-3′    385
  5′-CGTCGAGGAAGACATACGG-3′                                 
  IS*901*                      5′-GGATTGCTAACCACGTGGTG-3′   577
  5′-GCGAGTTGCTTGATGAGCG-3′                                 

Serological Identification of the AFB Isolates {#S2-8}
----------------------------------------------

The serotype of the AFB isolates was identified by the serum agglutination method as described below ([@B31]). The antigens of serotype 1, 2, and 3 were prepared from *MAA* reference strains CVCC275, CVCC276, and CVCC277, respectively. The AFB isolates, as well as the three strains, were cultured on Lowenstein-Jensen solid medium at 37°C for 18 days. The bacteria were washed off using 200 mL of sterile PBS containing sterile glass beads and inactivated at 37°C for 7 days with shaking up to four times a day. The mixture was centrifuged to remove the supernatant. After washing three times, the bacterial pellet was suspended in 0.4% sodium citrate/PBS to a concentration of approximately 10^10^ CFU/mL. The suspended bacteria were used as antigen for the serum agglutination assay.

The AFB isolates were cultured on Petragnani medium at 37°C for 4 weeks. The bacterial culture was washed off using sterile PBS containing sterile glass beads and centrifuged at 10,000 rpm for 5 min to remove the supernatant. The bacterial pellet was weighed and resuspended in sterile PBS to a concentration of 0.1 mg/mL. Three 8-week-old SPF chickens were inoculated intravenously with 0.2 mL of the above bacterial suspension, with the same amount of PBS as a control. After 60 days, sera were collected from the wing vein for the serum agglutination assay.

For the serum agglutination assay, one drop of serum from the wing vein and one drop of bacterial suspension were mixed on a slide. After 1 min, the results were graded as negative (−), weakly positive (+), positive (++), and strongly positive (+++), according to agglutination degree as no agglutination (−), less than 25% agglutination (+), approximately 50% agglutination (++), and more than 75% agglutination (+++), respectively.

Virulence {#S2-9}
---------

The AFB isolates were cultured on Petragnani medium at 37°C for 4 weeks. The bacterial culture was washed off using sterile PBS and centrifuged at 10,000 rpm for 5 min to remove the supernatant. The bacterial pellet was weighed. The virulence of the AFB isolates in rabbits and chickens was studied according to the "The People's Republic of China veterinary biological product regulation" ([@B25]).

For virulence in rabbits, the above bacterial pellet was resuspended in sterile PBS to a final concentration of 0.5, 1, 2, or 4 mg/mL. Six healthy rabbits at 2 kg of body weight (Albino, Vital River) were inoculated intravenously in the ear with 1 mL of the bacterial suspension, while the same amount of PBS was used as a control. The inoculated rabbits were observed for 30 days, and survival was recorded.

For virulence in chickens, the above bacterial pellet was resuspended in sterile PBS to a final concentration of 0.5, 1.25, 2.5, or 5 mg/mL. Five 8-week-old SPF chickens (Vital River) were inoculated intravenously with 0.2 mL of the bacterial suspension, while the same amount of PBS was used as a control. The inoculated rabbits were observed for 60 days, and survival was recorded.

Potency and Specificity {#S2-10}
-----------------------

### Preparation of PPD of Avian Tuberculin {#S2-10-1}

Avian tuberculin was prepared according to the rules for tuberculin production and inspection ([@B25]), as described briefly below. The AFB isolates were streaked out from the Petragnani slope medium to 200 mL of Sauton liquid medium and grown at 37°C for 40--45 days to prepare the seed strain. The seed strain was inoculated into 1,000 mL of Sauton liquid medium and grown at 37°C for 90 days. The culture was inactivated at 121°C for 30 min and filtered through a hollow fiber membrane to remove the bacteria. The filtrate was mixed with 40% (w/v) TCA solution to a final concentration of 4%. The mixture was incubated overnight at 2--8°C. The pellets were collected and washed three times with 1% TCA solution. The pellets were centrifuged at 4°C, 5,000 rpm for 30 min, and the pellet was dried and weighed. The pellet was dissolved in 1 M NaOH, adjusted to pH 7.4 using 1 M HCl, and filtered through sterilizing Chua's filter. The final product was the avian tuberculin PPD for further testing, referred to as PPD-AFB. The avian tuberculin PPD from CVCC68201 (PPD-CVCC68201) was prepared using the same procedure.

### Preparation of Allergen and Sensitization of Guinea Pigs {#S2-10-2}

*Mycobacterium avium* spp. *avium* strain CVCC68201 was cultured at 37°C for 20 days. The bacteria were scraped from the slope, weighed, dissolved in sterile PBS, and inactivated at 121°C for 30 min. The bacterial suspension was mixed with Fruend's incomplete adjuvant to prepare an emulsion at a concentration of 40 mg/mL bacteria. The emulsion was subpackaged and inactivated at 80°C water bath for 2 h, and the emulsion was used as the allergen. Sixteen guinea pigs at 400 g of body weight (Hartly, Vital River) were sensitized with 0.5 mL of allergen by deep intramuscular injection in the inner thigh and maintained for 35 days under specific pathogen-free conditions. After the sensitization period, guinea pigs were shaved in a 3 cm^2^ area on the hip, at the opposite side of allergen injection. The standard avian tuberculin PPD (PPD-S, IVDC) was diluted 100-fold, and 0.1 mL diluted standard avian tuberculin PPD was injected into the shaved area of the guinea pigs. The diameter of reactions on the skin was measured after 24 h, and the guinea pig was positive for sensitization if the area of skin thickness was over 1 cm^2^.

### Potency Calibration and Specificity Test of Avian Tuberculin PPD {#S2-10-3}

The potency calibration of PPD was carried out according to the relevant rules ([@B24]--[@B26], [@B32]). For the potency calibration, the PPD-AFB was diluted to two concentrations of 0.1 and 0.25 dose/mL. Additionally, the PPD-S and PPD-CVCC68201 were diluted to two concentrations of 100 and 250 IU/mL. The shaved area of the sensitized guinea pigs was divided into two equal blocks. Each block contained three randomized injection sites resulting in six total injections, with a replicated injection of each PPD concentration in each guinea pig. Guinea pigs were injected intradermally with a volume of 0.1 mL of designated PPDs. A total of 12 guinea pigs (6 guinea pigs for each PPD concentration) were used for PPD inoculation. An additional 4 guinea pigs were used as negative controls. No adverse effect resulted from the procedures used, and the animals were monitored daily by the animal care staff. After 24 h, the skin thickness was measured using Vernier calipers.

The specificity of PPD testing was performed as described below ([@B25], [@B33]). Six guinea pigs at 400 g of body weight (Hartly, Vital River) were shaved in an area (3 cm × 9 cm) on both sides of the chest. PPD-AFB, PPD-S, and PPD-CVCC68201 were diluted to 2 × 10^4^ IU/mL. Similar to the potency test, the guinea pigs were injected intradermally with one volume of 0.1 mL of designed PPDs with replicated injections of each PPD. After 24 h, the skin inflammatory reaction was observed.

Statistical Analysis {#S2-11}
--------------------

The statistical package SPSS and one-way ANOVA method were used for data analyses. The results were expressed as the mean ± SD. The *p*-values were considered significant at (\**p*\<0.05).

Results {#S3}
=======

Identification of the Pathological Tissue {#S3-1}
-----------------------------------------

The pathological tubercle contained a yellow-white cheese-like substance with a coated envelope after cutting. After smearing and Z-N staining, a large number of mycobacteria were observed (data not shown). With further histopathological examination of the tubercle, caseous necrosis appeared in the center of the tubercle with a large number of lymphoid cells, epithelioid cells, and Langerhans multinucleated giant cells (Figure [1](#F1){ref-type="fig"}A). This was a typical avian tuberculosis symptom.

![Tubercle staining and mycobacterial isolation. **(A)** Histopathological staining of the pathological tubercle from the diseased fowl. Bar, 100 µm. **(B)** Growth of isolated mycobacteria colonies from the tissue homogenate on a slope of Petragnani medium. The arrow indicates a typical clone. **(C,D)** Photographies of the mycobacterial colonies after Gram staining **(C)** and Z-N acid-fast staining \[**(D)**, 1,000×\].](fvets-04-00243-g001){#F1}

On the slopes of the Petragnani medium inoculated with homogenized tissue, transparent, round, thick, drip-like colonies were observed (Figure [1](#F1){ref-type="fig"}B, arrow) after incubation at 37°C for 4 weeks. The colonies did not have a yellowish-white, cream like appearance ([@B24], [@B25], [@B34]). While streaking, the colonies had a threadlike filament (data not shown). The colonies were further tested by Gram staining and Z-N staining. As shown in Figure [1](#F1){ref-type="fig"}C, the colonies were Gram-positive, bluish-purple staining, and contained straight or curved rod-shaped bacteria. Additionally, the grown colonies were Z-N staining positive with red staining and a length of 1--3 µm (Figure [1](#F1){ref-type="fig"}D). The above results indicated that the colonies were AFB, i.e., mycobacteria.

Biochemical Characterization of AFB Isolates {#S3-2}
--------------------------------------------

Five different biochemical tests, including resistance to PNB, niacin production, Tween-80 hydrolysis, heat stable catalase and nitrate production, were applied to the AFB isolates (Table [2](#T2){ref-type="table"}). The AFB isolates showed positive results for resistance to PNB. For the niacin production test, a clear pellet, not a peach red pellet was observed, indicating a negative result. The test for Tween-80 hydrolysis was negative, indicated by no color change of from neutral red. The heat stable catalase activity was negative, as no bubble was generated in the reaction solution. The reaction system was very light pink, suggesting the absence of nitrate reductase in the AFB isolates. From the above biochemical tests, the AFB isolates most closely resemble*MAA* in their enzymatic activities.

###### 

Distinguishing characteristics of the acid-fast bacteria (AFB) isolates.

  Characteristics   Resistant to p-nitrobenzoic acid   Niacin production   Tween-80 hydrolysis   Catalase at 68°C   Nitrate reduction
  ----------------- ---------------------------------- ------------------- --------------------- ------------------ -------------------
  AFB isolates      \+                                 −                   −                     −                  −

Genetic Characterization of AFB Isolates {#S3-3}
----------------------------------------

Using multiplex PCR, the AFB isolates and the CVCC6801 strain produced three bands (140, 385, and 577 bp) corresponding to the DnaJ gene, IS*1245*, and IS*901* (Figure [2](#F2){ref-type="fig"}). As the isolates were *IS901*+, *IS1245*+, and dnaJ+ ([@B30], [@B35]), the isolates were of the *MAA* strain.

![Genetic identification of the acid-fast bacteria (AFB) isolates by Multiplex PCR. Lane M, DNA ladder, Lane 1, AFB isolates, Lane 2, CVCC68201, and Lane 3, PBS. The arrows indicate the three typical amplified bands of DnaJ gene, *IS1245*, and *IS901*.](fvets-04-00243-g002){#F2}

Serological Characterization of AFB Isolates {#S3-4}
--------------------------------------------

The *MAA* strain has three serotypes: serotype 1, serotype 2, and serotype 3 ([@B2]). Using the serum agglutination method, the antigen prepared from AFB isolates showed a strong agglutination reaction to the serum from chickens infected with the CVCC275 strain but no agglutination reaction to the serum from chickens infected with the CVCC276 and CVCC277 strains (Table [3](#T3){ref-type="table"}). The *MAA* strains CVCC275, CVCC276, and CVCC277 were the reference strains for serotype 1, serotype 2, and serotype 3, respectively. The results suggested that the AFB isolates were an *MAA* strain of serotype 1.

###### 

Serotype identification of the acid-fast bacteria (AFB) isolates.

                                                                                   Antigen prepared from       
  -------------------------------------------------------------------------------- ----------------------- --- ---
  Sera[^a^](#tfn1){ref-type="table-fn"} from the AFB isolates inoculated chicken   +++                     −   −

*^a^The sera from three inoculated chicken was all tested and showed same result*.

Virulence of the AFB Isolates {#S3-5}
-----------------------------

To evaluate the virulence of the AFB isolates, mortality in rabbits and chickens was recorded during the observation period post-injection of the prepared bacteria. As shown in Figure [3](#F3){ref-type="fig"}A, the six uninfected rabbits remained healthy and alive until the 30th day of the observation period. Among the six rabbits injected with 0.5 mg of bacteria, three of the rabbits died, and three remained alive until the end of the observation period. For the remaining three groups of rabbits inoculated with 1, 2, and 4 mg of bacteria, all rabbits died during the observation period. Moreover, the rabbits died at earlier dates when inoculated with higher doses of bacteria.

![The virulence of the acid-fast bacteria (AFB) isolates. Five groups of healthy rabbit **(A)** and chicken **(B)** was inoculated with different amounts of *Mycobacterium avium* spp. *avium* bacteria. The virulence of the AFB isolates is represented by the survival ratio of rabbits **(A)** and chickens **(B)**.](fvets-04-00243-g003){#F3}

As shown in Figure [3](#F3){ref-type="fig"}B, the five uninfected chickens remained healthy and alive until the 60th day of the observation period. All of the chickens in the groups injected with different doses of bacteria, from 0.1 to 1.0 mg, died during the 60 days observation period. Additionally, the chickens died earlier when given a higher inoculation dose of bacteria.

According to the definition of *MAA* virulence ([@B25]), the results indicated that the AFB isolates were *MAA* strain with strong virulence.

Potency and Specificity of the PPD Prepared from AFB Isolates {#S3-6}
-------------------------------------------------------------

The potency of the AFB isolates was evaluated by calibrating the prepared avian tuberculin PPD from the AFB isolates. As shown in Figure [4](#F4){ref-type="fig"}, PPD-AFB, PPD-S and PPD-CVCC68201 showed no significant difference when analyzed for indurations (skin thickness) in sensitized guinea pigs. Thus, the PPD prepared from the AFB isolates had a similar potency to the standard PPD and the PPD from the reference *MAA* strain, and the AFB isolates had a similar potency to the reference *MAA* strain.

![The potency of the acid-fast bacteria (AFB) isolates. The purified protein derivative (PPD) was prepared from the AFB isolates and was calibrated by traditional PPD skin test. The potency is represented by the area of skin thickness after PPD injection on sensitized guinea pigs.](fvets-04-00243-g004){#F4}

The specificity of the AFB isolates was analyzed by the skin test in unsensitized guinea pigs with PPD-AFB, PPD-CVCC68201, and PPD-S. Similar to PPD-CVCC68201 and PPD-S, PPD-AFB could not induce a skin inflammatory reaction (Table [4](#T4){ref-type="table"}). Thus, the PPD prepared from the AFB isolates was specific for PPD prepared from the *MAA* strains.

###### 

Specificity of the p-nitrobenzoic acid (PPD) prepared from the acid-fast bacteria isolates.

  PPD                          Testing-PPD   PPD-S   PPD-CVCC68201
  ---------------------------- ------------- ------- ---------------
  Skin inflammatory reaction   −             −       −

Discussion {#S4}
==========

In this work, we isolated an *MAA* strain from caseous tubercular nodules of a fowl with avian tuberculosis. The isolated strain was a typical *MAA* strain of serotype 1, genotype IS*901*+ and IS*1245*+ according to biochemical, serological and genetic identification. The identified *MAA* strain was a virulent strain and showed similar PPD potency as the reference *MAA* strain. Interestingly, our study revealed that this isolated *MAA* strain showed a novel colony appearance not previously reported.

Diagnosis of avian tuberculosis is frequently based on clinical symptoms, postmortem gross lesions and Z-N staining of the smear. However, Z-N staining for demonstrating acid-fast bacilli is limited because of its low sensitivity and detection rate ([@B36]). Serological diagnosis method such as hemagglutination, complement fixation, ELISA, and Western-blot analysis might be most useful in late-stage infections based on the process of mycobacteria evading the host immune system. Also the request of specific antigen might limit the board application of these methods ([@B37]). The PCR approaches, including PCR, multiplex PCR, PCR restriction fragment length polymorphism (RFLP), and mycobacterial interspersed repetitive units and variable number tandem repeats (MIRU-VNTR) typing are also capable of specifically detecting DNA fragments, thus acting as a diagnostic procedure ([@B30], [@B35], [@B38], [@B39]). However, PCR products can have false positive results because of contamination ([@B40]). The PPD skin test is the only method recommended by OIE, but the result reading is affected by the dose and injection manner ([@B24]). Comparing everything, the gold standard technique for avian tuberculosis is culturing from diseased tissue for isolation, genotypic and phenotypic characterization of the suspect pathogen ([@B2]). This method is reliable, but it requires more time and high quality culture medium.

For the conventional culturing technique of the *MAA* strain, it is important to use the proper selective medium ([@B41]). It was reported that *M. avium* grows best on media such as Lowenstein-Jensen medium, Herrold's medium and Middlebrook medium ([@B6]), which were also recommended by the World Organization for Animal Health as the culturing medium of *MAA* ([@B24]). In this study, we used Petragnani medium to isolate the *MAA* strain from the tubercle ([@B25], [@B26]). The Petragnani medium was reported to have similar colony yielding ratio as Lowenstein-Jensen medium for Mycobacterium tuberculosis ([@B42]). As known, culturing of mycobacteria is time-consuming to complete, as it takes at least 4--8 weeks for visible colonies to appear ([@B5], [@B37]). For *MAA* strain, the culture should be incubated for at least 12 weeks using Lowenstein-Jensen medium, Herrold's medium and Middlebrook medium ([@B43]). It took only 4 weeks to observe transparent, round, thick, drip-like colonies on Petragnani medium (Figure [1](#F1){ref-type="fig"}B). Thus, culturing Petragnani medium for isolation of *MAA* strain was time-saving and offered greater efficiency for avian diagnosis.

The traditional method for species and subspecies typing of *Mycobacterium* was according to growth on distinct medium and morphology of the grown colony. The *MAA* strain usually had yellowish-white, round, and cream-like colonies ([@B25]) (Insights into the mycobacterium infection). In our study, the isolated *MAA* strain had a novel colony appearance, as round, thick, drip-like colonies (Figure [1](#F1){ref-type="fig"}B). *MAA* forms colonies of different morphologies, including smooth transparent, smooth opaque, and rough, which might influence pathogenicity, virulence, drug susceptibility and macrophage survival ([@B44]--[@B46]). Here, this isolated *MAA* strain had similar virulence and PPD potency compared to the *MAA* reference strain CVCC68201 (Figures [3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}). This finding might indicate that this isolated *MAA* strain might be of a novel subtype and have differences in some unknown phenotype. However, the traditional method was limited in use because of the high biosafety requirement, and it was more time-consuming and required more complicated techniques. Genetic approaches would applied for further subtyping of this newly isolated *MAA* strain, as RFLP and DNA sequencing of distinct gene cluster for subtyping of diverse *MAA* isolates ([@B47], [@B48]), short sequence repeats sequencing and MIRU-VNTR typing for subtyping of *M. avium* spp. *paratuberculosis* ([@B49]--[@B51]). For example, IS901 RFLP typing was used to discriminate *MAA* field isolates ([@B52], [@B53]). As reported, a cluster of genes were proved to be related to colony morphology, such as MAP1156 (diacyglycerol O-acyltransferase), MAP 1152 (PPE protein), and Lsr2 etc. in *M. avium* spp. *paratuberculosis* ([@B54]), MAV_4334 (nitroreductase family protein), MAV_5106 (phosphoenolpyruvate carboxykinase), MAV_1778 (GTP-binding protein LepA), etc. in *M. avium* spp. *hominissuis* ([@B55]). In addition, glycopeptidolipids and its biosynthesis were reported to be related to the surface properties and colony morphology of mycobacteria ([@B56]--[@B58]). DNA sequencing of these gene clusters might give a clue for further subtyping of this isolated *MAA* strain with a round, thick, drip like colony appearance (Figure [1](#F1){ref-type="fig"}B).

Virulence is a reflection of pathogenicity of the bacterial pathogen. The virulence of *MAA* is affected by various factors and could change with different hosts and environments ([@B59]). The extent of intracellular replication in cell cultures, guinea pigs and mice is widely used as a measure for mycobacterial virulence ([@B60], [@B61]). Additionally, the mortality of animals inoculated with mycobacteria is also used as an indicator of virulence ([@B25], [@B62]). The definition of the *MAA* virulent strain is that inoculation of 0.1--1.0 mg bacteria would lead to the death of chickens or that 1 mg of bacteria would lead to the death of rabbits ([@B23], [@B25]). The isolated *MAA* strain here was proven to have strong virulence (Figure [3](#F3){ref-type="fig"}). Compared to intracellular bacterial replication or macrophage infection ([@B59], [@B63]), it was more intuitive to use mortality as an indicator of virulence, especially for a bacterial pathogen of strong virulence.

In conclusion, in this study, we isolated and identified a strain of *M. avium* spp. *avium*. The virulence and the derivative PPD of the strain were also characterized. Our work provided a novel reference strain for the intensive study of avian tuberculosis. This work not only enriched strain resources for *M. avium* spp. *avium* but also provided a realistic candidate strain for further development of *M. avium* spp. *avium* vaccines.
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